Large progeny test networks are typical for conventional forest tree breeding programmes. The individual progeny tests differ with respect to age, composition and ability to screen the breeding values of the parent trees. Several approaches have been introduced to manage the unbalanced and diverse nature of the data generated by progeny tests. This report presents a procedure for ranking breeding material on the basis of "messy" data. Plot means were used as input values and missing plots were estimated from least squares. The differences between test means and variances were standardised by the performance level method. The different precision of the tests was quantifi ed through the reliability coeffi cient. In order to facilitate the selection of plus trees for different purposes, all the available test results were combined into a single variable that was used for ranking. Three different kinds of ranking variable were calculated and each of them proved to be more useful for the selection of plus trees than an arithmetic or weighted mean. One of them, WMEAN, relied on the reliability and number of the progeny tests, while the others, WCONF 0.50 and WCONF 0.10 , relied on the standard error of the plus tree mean, thus emphasising the precision of the values obtained. The analyses were carried out with SAS ® procedures, which require only moderate skills in statistics, programming and data processing technology. The procedure has functioned well throughout an eightyear development phase. Nearly three thousand Scots pine (Pinus sylvestris) plus trees have been ranked for various characters, and the results have been used for roguing the seed orchards, to establish new ones, and to select plus trees for breeding populations. 
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Introduction
Progeny testing is one of the key phases in each cycle of a multiple-generation tree breeding programme. The main goal of progeny testing is to rank parents based on the performance of their offspring, i.e. their breeding values. Estimates of breeding values are used to select trees for further breeding and to establish seed orchards. In most tree breeding programmes the progeny test data are generated from large-scale progeny test networks. Data from progeny tests are often unbalanced and the tests differ in age and precision. Data generated from the Finnish Scots pine (Pinus sylvestris L.) progeny testing programme shares these problems with other large breeding programmes. Several approaches have been introduced to manage large amounts of progeny test data. White and Hodge (1989) have summarised the methods commonly used for calculating a family mean in a single test and, further, the methods for combining data from multiple tests: arithmetic average, least squares estimates, weighted least squares and averaged standard scores. The performance level method introduced by Hatcher et al. (1981) relies on standardized scores. Cotterill et al. (1983) compared six mathematical procedures for estimating the average performance of families: rank-score, site-adjustment, standard siteadjustment, least squares, weighted least squares, and shrunken least squares. They preferred the weighted least squares procedure "due to its providing minimum variance unbiased estimates of the effects of families under the additive model", although they concluded that the six methods ranked the material in approximately the same order. Kurinobu et al. (1985) compared last four procedures of Cotterill et al. (1983) and concluded that "the standard site adjustment is recommended in most practical situations because it is easier to compute than the other three, and it probably ranks families with suffi cient accuracy". White and Hodge (1989) suggested applying the best linear (unbiased) predictions, (BLP and BLUP), for the breeding values because these methods "account for test data of different quality and quantity". Jansson (1998) agreed that " the method recommended today is Henderson's mixed-model equation (MME). Solutions to MME yield BLUP breeding values".
The aim of this report is to introduce a procedure which is being used to rank breeding values of plus trees from "messy" progeny test data and to evaluate its effi cacy.
Material
The phenotypic selection of Scots pine plus trees began in Finland in 1947. In the 1960's there was a selection surge motivated by the decision to establish 3400 ha of fi rst generation seed orchards (Oskarsson 1995) . By 1992 a total of nearly 6800 plus trees had been registered, 66% of them in North Finland (Rusanen 1992) . The fi rst full-scale progeny test was planted in 1960, but a large series of tests was not initiated until 1968. The test establishment was completed in South Finland in 1990 while in North Finland, where the progeny testing began later, not until 2001. However, there is already a considerable number of progeny test measurements available for ranking the plus trees even in the north. In 1999 the total number of Scots pine progeny tests was 1394. They covered an area of 2111 ha (Yrjänä et al. 2000) and included the progenies of 4700 plus trees.
The fi rst obstacle to accurately rank parent trees based on data from several tests is the unbalanced nature of the data. The plan was to include each progeny in at least two medium-term test orchard tests and two long-term fi eld tests (Mikola 1984) . However, the progenies were not included in the same number of tests. The most common fi eld test design used in Finland was complete randomised blocks with 25-seedling square plots with a 2 × 2 m spacing. Smaller plots would have been statistically more effi cient (Haapanen 1992) and, because the area of homogeneous test sites has often been limited, large plot size led to a low number of entries per test, thus increasing number of tests. Later on, some of the tests were so seriously damaged by a number of agents that they were abandoned.
Open pollinated seed harvested from young, no male strobili producing, seed orchards and clonal archives was used to raise the seedlings for progeny testing. Thus, the plus tree composition of the tests refl ects the clonal composition of the seed orchards. The Scots pine breeding zones were delineated after the seed orchards were established and it was discovered that most seed orchards included plus trees from more than one breeding zone. The composition of the progeny tests established before the middle of 1980's was therefore seldom optimal because the plus trees are ranked within breeding zones. Plus trees originating from distant breeding zones were not included in the same analysis even if they were present in the same test.
The second main obstacle to accurate ranking was the heterogeneity of the data that arises from the diverse testing environments and the age distribution of the tests. The tests were established on a range of site types and soils and subsequent management practices varied. Furthermore, nursery practices changed during the test establishment process. At the outset tests were established with 2-year-old bare-rooted seedlings. Later several types of 1-year-old containerised seedlings were used. In addition, soil preparation practices changed considerably during the course of the programme. All these factors led to varying means and variances in the characters even if the test ages were the same, and tests of different ages had different means and variances. Data from older tests were considered more reliable, at least with respect to volume and quality properties.
A third main problem was encountered when testing the northern material. Seed orchards with northern plus trees were established in South Finland in order to guarantee seed maturation (Sarvas 1970) . As a result of background pollination, the seed harvested for testing has been provenance hybrid seed. Such hybrid progenies were considered to be suitable for ranking parents but were not hardy enough to survive well in the original breeding zone of the plus trees (Mikola 1993) . Differences in survival can be tested there, but the growth chracters must be tested in less severe conditions. Thus, data for different chracters may accumulate from different tests.
Methods

Calculation Methods
The test-wise mean for the progeny of plus tree i (referred to hereafter as plus tree i) was calculated as a least squares mean from the plot means (e.g. the survival percentage of the plot or the plot mean height) to adjust for missing plots. The progeny means were standardised for each test using the performance level method (Hatcher et al. 1981) . The performance level (PL) for plus tree i in the progeny test j is (1) where x ij is the mean of plus tree i on the original scale in the progeny test j, x j is the mean of all plus trees in the progeny test j, and s j is the standard deviation of the plus tree means in the progeny test j. The standardised performance level values have a mean of 50 and standard deviation of 25 in each progeny test. Thus, the character-wise performance level values make it possible to meaningfully compare and average the plus tree values (e.g. calculate the arithmetic mean PL) across progeny tests with different means and variances.
The progeny tests presumably differed in their ability to reveal the breeding value of plus trees, i.e. the information obtained from one test was more valuable for the correct ranking of the mate-rial than the information derived from another. These differences were taken into account by using correction factors to adjust the performance level values. The correction factors form a character-wise reliability coeffi cient w j , with values between 0 and 1.
The reliability coeffi cient w j was calculated from three factors two of which were empirical and one that was derived from the measured data. The age of the test was included as one of the empirical factors. Data measured at ages less than 7, from 7-12, and older than 12 were weighted 0, 0.9, and 1, respectively. The second empirical factor was the location of the test. Data from tests situated in non-optimal climatic conditions were weighted less than 1 or even equal to zero. Different weights were assigned to characters when the climate was thought to have different effects.
Family heritability played the most important role in constructing the reliability coeffi cient. It was estimated from the test data using the F-test value for the ANOVA of randomized blocks. 
where r is the number of blocks, and F is the test value for the F statistics. In theory, the family heritability lies between 0 and 1. In practice, however, values near 1 were rare and thus the family heritability values were arbitrarily rescaled for the reliability coeffi cient by dividing them by 0.8. If the rescaled sub-coeffi cient exceeded 1 it was truncated to 1. Negative values were set to zero. The fi nal reliability coeffi cient w j for test j was obtained by multiplying the three sub-coeffi cients together.
Corrected performance level values (PL´i j ) were calculated from
This correction moved the PL´i j values of a lessinformative progeny test closer to the mean 50 than the PL´i j values of a progeny test with a high reliability coeffi cient w j . Thus, selection aimed at the tails of the pooled distribution was based more on the informative progeny test.
The reliability coeffi cients w j were also used to calculate the plus tree-wise weighted means ( PL Wi ′ ) over the n progeny tests in which plus tree i was included: Different plus trees were tested in a widely differing number of progeny tests. A plus tree included in several tests will have a more precisely estimated progeny mean and should thus be favoured in selection over a plus tree that has the same progeny mean, but which is included in fewer progeny tests. However, when the mean is calculated from a higher number of tests, the error, plot and progeny × block variances of the estimate decrease, and the means of well-tested plus trees therefore tend to concentrate closer to the population mean. This would lead to an undesired selection result because the imprecisely tested trees would be more likely selected than the more precisely tested trees (White and Hodge 1989, Danell 1991) .
Two options were used to counteract the effect of different testing frequency. In the fi rst option, the progeny means were further corrected by the number of tests applying the same equation as Nikkanen and Pukkala (1987) . This correction spreads the progeny means further from the population mean as a function of the number of tests. The fi nal mean, WMEAN i , of the corrected performance level values for plus tree i, weighted by the test-wise reliability coeffi cient and corrected by the number of tests, was obtained from the formula 
tree means. The other option was to rank the plus trees according to the lower confi dence limit of the weighted performance level mean, referred to later as WCONF αi .
where t α(∑w ij ) is the critical value of the Students t-distribution at risk level α with ∑w ij degrees of freedom, and s Wi the weighted standard deviation associated with the tests in which plus tree i is included. The calculations and database management were performed using SAS ® statistical software (Fig. 1) . The fi nal product of the procedure was a database with three ranking variables, WMEAN, WCONF 0.50 and WCONF 0.10 for each character (Appendix 1). Fig. 1 . Flow-chart of the procedure for managing very large amounts of progeny test data.
Methods Used to Evaluate the Procedure
After processing the available data, retrospective studies were carried out in order to evaluate the procedure. Two methods were used to evaluate how well the reliability coeffi cients classifi ed the tests according to the precision of the information. The fi rst evaluation method relied on plus trees that were represented in 30 or more tests. These tests were ranked for each plus tree according to the reliability coeffi cient in descending order. The standard deviation of the PL values was calculated over the fi rst nine tests. Then the calculation was repeated for the 2 nd -10 th tests and so on until the last test in the ranking list was reached. This gave a series of running standard deviations for the plus tree-wise PL values. Averaging across the plus trees sequence by sequence provided data that connected the standard deviation and the reliability. The hypothesis was that the standard deviation should increase along with a decrease in the reliability.
The other means of evaluating the reliability coeffi cients was to study the correlation between plus tree-wise PL values in those tests that had varying reliability coeffi cients. In order to do this the data were divided into six classes according to the reliability coeffi cients. The fi rst class included observations obtained from tests with a reliability coeffi cient of from 1.0 to 0.81, the following classes from 0.80 to 0.61, 0.6 to 0.41, 0.4 to 0.21, 0.20 to 0.01 and the sixth class of 0. Because in a number of cases there were several observations from one plus tree in the reliability class, the plus tree-wise means were calculated by classes. The Pearson's correlation coeffi cient for the plus treewise PL value means was calculated between the reliability classes. The hypothesis was that the correlation of the PL values between the groups with high coeffi cients was high because they better estimated the true breeding values.
In order to study the effect of testing frequency on the fi nal survival ranking of the plus trees, they were grouped into ten test frequency classes according to the number of tests in which each plus tree was included. Two selection simulations were carried out: an intensive selection of 6% of the material simulated the selection for a multiplication population (e.g. seed orchard), and an extensive selection of 44% simulated the selection for a breeding population. The set of all the tested plus trees from zones 5-11 was used as the base population (Table 1) . Five selection criteria were used: PL , PL w ′ , WMEAN, WCONF 0.10 and WCONF 0.50 . The proportion of selected plus trees in each test frequency class was then calculated. The fi ve different survival rankings obtained were also compared in order to determine the extent to which the same plus trees were selected by the different selection criteria.
Results
Result of Combining the Progeny Test Data
The procedure described above appeared to function well in combining the measurement data of 620 progeny tests. The analysis produced results from about 3000 Scots pine plus trees, grouped according to breeding zones. The survival and height data of the plus trees originating from breeding zones 1-4 were analysed according to the algorithm tailor-made for South Finland, and the rest (zones 5-11) were analysed using the algorithm for North Finland (Table 1) . Different algorithms were applied because the breeding goals varied in different parts of the country. In South Finland the age and the phase of development of the progeny tests made it possible to measure external quality chracters, for which a specifi c algorithm was used.
Functioning of the Reliability Coeffi cient
In South Finland about 13% and in North Finland 2% of the progeny test measurements did not contribute at all to the ranking of plus trees because the value of the reliability coeffi cient was zero. The variation between the results of different progeny tests increased with decreasing reliability coeffi cient of the test (Fig. 2) . Correlations between plus tree means calculated from the progeny tests of different reliability classes were positive, the highest correlation being obtained between the two highest reliability classes (Fig.  3) . The corresponding correlation for survival was 0.57 (p = 0.000) and for height 0.50 (p = 0.000). The correlation coeffi cients for both characters decreased irregularly among the lower reliability classes. 
Number of Tests and Variance of the Plus Tree Means
When an intensive selection was based on PL, those plus trees that had been tested in only one or two progeny tests were over-represented (Fig.  4a) . Among the selection criteria, WMEAN was the least sensitive to the testing frequency (sd = 1.2) although it did show a slight tendency to favour the most frequently tested trees (r = 0.28) ( Table 2 ). The most distinctive feature for the confi dence limit-based selection criteria was that they excluded plus trees tested in only one test. In a less intensive selection all the criteria behaved in a similar way and gave a rather equal representation for different test frequency classes. The exception was WCONF 0.10 , which favoured the most frequently tested plus trees (Fig. 4b) .
The variables PL and WMEAN gave a similar ranking for the plus trees (Fig 5a) . However, a closer study revealed the correction property of WMEAN: the extreme plus trees moved towards the population mean 50 if their value was based only on a few reliable tests (symbol "-"). When the number of reliable tests increased (symbol "x") the other property of WMEAN was revealed: values which are based on several tests move away from the mean. The comparison between PL and WCONF 0.10 shows that a plus tree tested in none or only a few reliable progeny tests can have a much lower ranking with the WCONF 0.10 variable than would be expected on the basis of its PL value (Fig. 5b) . Different selection criteria resulted in selecting different groups of plus trees. The correspondence between the groups is shown in Table 3 . The difference between the criteria was greater when selecting the small top fraction for a multiplication population than when selecting a larger breeding population with a lower selection intensity. WMEAN and WCONF 0.50 were in good agreement (Fig. 5c) , giving 79% and 86% of the same plus trees for multiplication and breeding populations, respectively, whereas WCONF 0.10 differed more from the others. This was due to its great emphasis on the standard error of the mean. higher because only 50% of the tests were considered to be "reliable". Table 3 . Pair-wise comparisons of different selection criteria in two selection simulations for survival. The values presented are proportions (%) of plus trees selected by both methods. Selection for a multiplication population (selection ratio 6%) is above the diagonal and for a breeding population (selection ratio 44%) below the diagonal A comparison of WCONF 0.10 and WMEAN results revealed that the plus trees with the greatest change in ranking were those tested in a low number of reliable progeny tests (Fig. 5d) . More than half of the plus trees that were selected for the multiplication population with WMEAN, but not with WCONF 0.10 , were tested in only one or two reliable progeny tests. The rest of the trees in this group usually had a large standard error of the mean due to the fact that the progeny tests yielded contradictory results for their performance. Both of these factors contributed to a wide confi dence limit of the mean, and thus a low value for the selection criteria WCONF 0.10 . The opposite group, trees selected according to WCONF 0.10 , but not according to WMEAN, also consisted mainly of trees with a low number of reliable progeny tests. However, these trees typically had an exceptionally low standard error of the mean.
Discussion
The procedure has functioned well throughout the eight-year development phase. Nearly three thousand plus trees have been ranked for various characters, and the results have been used in roguing the seed orchards, in establishing new ones, and in selecting plus trees for breeding populations. The procedure has practical importance for managing of the huge amount of progeny test data. However, it is diffi cult to say how well the three ranking variables correlate with the real breeding values of the plus trees, because we neither knew the values nor had any other independent estimates of them. Thus we could only evaluate the procedure by studying how it handled the problems that commonly occur in the processing of progeny test results.
Problems addressed by the procedure were unequal number of trees per plot, missing plots and different means and variances of numerous tests. The unequal number of trees per plot was counteracted by using plot means as input values. Missing plots were estimated from least squares. The differences between test means and variances were standardised by using the performance level method (Hatcher et al. 1981) . The performance level method has also been applied recently by Bridgwater and McKeand (1997) . The different precision of the tests was quantifi ed through the reliability coeffi cient. The selection of plus trees for different purposes was facilitated by combining all the available test results in slightly different ways into three ranking variables.
The role of the character-wise reliability coeffi cient was fundamental in the procedure because it determined the effect of a specifi c progeny test measurement in four different ways. It was initially used to correct the original PL values to PL' values (Eq. 3). This correction seems to be similar to the calculation of a 'shrunken estimate' proposed by Burdon (1998) in which the entrymean departures from the overall site mean were multiplied by the heritability of the means. Its second use was as a weighting factor in calculating plus tree means (Eq. 4). Since family heritability was the main component of the reliability coeffi cient, weighting the test results by the reliability coeffi cient had essentially the same effect as weighting by the family heritability (Burdon 1998) or weighting by the inverse of the error variance (Cotterill et al. 1983 , Kurinobu et al. 1985 . Equations 3 and 4 acted in same direction: less resolution power was given tests with low reliability. However, there was one important difference between these two equations. Weighting alone cannot infl uence the plus tree mean if there is only one test or even several tests with equally low reliability. This is why the correction performed by Equation 3 was also necessary. The reliability coeffi cient was taken into account for the third time when half of the tests were labelled as relatively reliable. When WMEAN (Eq. 5) was calculated, the number of labelled tests was used as the parameter N. If there was no reliable test for a plus tree, WMEAN could not be calculated even though the plus tree was included in several tests. And fi nally, if a plus tree had been tested in a large number of tests, it was reasonable to limit the number of tests included in the calculation of the plus tree-wise averages. The best ten tests, according to the reliability coeffi cient, were included.
The results indicate that the reliability coeffi cient described the progeny test precision. The variation between the progeny test results was the greater, the lower were the reliability coeffi cients of the progeny tests (Fig. 2) . The decreasing correlation coeffi cients between the results for plus trees in progeny tests with lower reliability coeffi cients (Fig. 3) refl ected the same phenomenon.
The development of various kinds of ranking variable proved to be necessary. The intensive selection of plus trees on the basis of the arithmetic mean of the PL values favoured plus trees which were included in only a few progeny tests (Fig 4a, Table 2 ) and were therefore tested the least precisely. This observation fi ts well with the theoretical expectation (White and Hodge 1989) . The ranking variable WMEAN, one parameter of which was the number of reliable tests, was less sensitive to the testing intensity. It appeared (Fig  5a) that WMEAN treated the plus trees tested in only a few tests in the same way as the method of 'shrunken least squares' used by Cotterill et al. (1983) and Kurinobu et al. (1985) . The variables based on the lower confi dence limit, WCONF 0.50 and WCONF 0.10 , also considerably improved the equality of selection in class two and upwards. Selection on the basis of a single trial was totally omitted when these variables were used.
The lack of true breeding values for the plus trees hampered the real evaluation of the different ranking variables. However, they were studied by comparing the selection results obtained by each of the ranking variables. The ranking variables mainly differed in the way they treated plus trees tested in a small number of tests (Fig. 5c,d ). Trees that were selected according to WMEAN but not according to WCONF 0.10 were trees with a large standard error. It is more usual for a plus tree to have a large standard error on the basis of a few than on several progeny tests. However, even the opposite group, i.e. trees selected by WCONF 0.10 but rejected by WMEAN, was dominated by trees included in only one or two reliable progeny tests. This may be a weakness of this ranking variable: a low standard error can be obtained accidentally if there are only a few progeny tests. This demonstrates that WCONF 0.10 is essentially a ranking variable that emphasises the standard error and only indirectly takes the number of tests into account.
The purpose of a selection task determines which ranking variable is the most appropriate in each situation. If the aim is to select a limited number of plus trees for a multiplication population, the infallibility of the selection can be so important that selection should be based on a criterion like WCONF 0.10 to weight the precision of the test results. However, the infallibility is paid for by a decrease in genetic gain, since promising plus trees are omitted because of a large or non-estimable standard error. When selecting for a long-term breeding population, the average genetic gain being of major importance and failed selections being revealed in further testing, selection could be based on a criterion like WMEAN.
More studies are needed to determine the sound threshold for a "reliable" test. At present a test is regarded as reliable for the character in question if its reliability coeffi cient exceeds the median of all the tests. However, it might be better to determine the limit according to an absolute value. Such a determination would change the fi nal result of the selection to some extent, because the number of reliable tests is an important factor in calculating WMEAN.
The procedure will not solve the dilemma of simultaneous selection for growth and quality, which is a current task in South Finland. Neither will the procedure yield any meaningful estimates of genetic gain achieved by selection. This is due to the diffi culty of reverse-transformation that is common to all methods based on transformed values (White and Hodge 1989) . Bridgwater and McKeand (1997) proposed transforming the gain calculated in PL units back to standard deviation units. However, their proposal does not solve the problem satisfactorily in large-scale and "messy" data like ours.
Although the procedure was developed to manage the results from a large number of progeny tests, it had the advantage that each progeny test was analysed separately, and the results were collated into intermediate databases for further processing. This means that even extremely unbalanced and large databases like the Scots pine progeny tests in Finland can be managed and analysed. The analyses were carried out with SAS ® procedures that required only moderate skills in statistics, programming or data technology. This procedure has yielded valuable information about the plus trees for the needs of tree breeders. Thus, although it is not theoretically the optimal solution, it will be used in practice until a more advanced procedure can be introduced.
